Abstract: Shape memory effect is capability of certain materials to recover its original shape after an apparently permanent deformation. The NiTi alloy of the composition is approximately equiatomic and it is the materials that exhibit the best characteristics for application of these properties, especially in the biomedical area, because of their excellent biocompatibility as: in the manufacture of medical and dental instruments, orthodontic wires, orthopedic materials, guide wires, stents, filters and components to realize the less invasive surgeries. In other areas, they are used for confections of electronic keys, spectacle frames, application in controllers, junction of pipes and electronic connectors among others. New research topics involving the application of these alloys super-elasticity are also known as pseudo elasticity. This event has an isothermal nature and involves the storage of potential energy in the shape memory effect and super-elasticity. In this context, this work falls within the scope of use of the technologies being an example of the work undertaken, in the course Graduate of Federal University of Pernambuco in skills in these technologies. It will present the results of a heat engine which engine element is a helical spring made of a NiTi alloy equiatomic with memory effect reversibly. The spring is triggered by a hot source (~ 373.15 K) and a cold source (273.15 K). The machine is capable of producing a reciprocating oscillating between the two sources. Heat equations and the equations that describe the dynamic behavior of the spring were developed. Through the development of dynamic equations, it can determine the minimum mass for the motion of the machine, as well as the instantaneous and average power and overall efficiency. You can check the functionality of the machine by way of the inclination angle of the propeller and the coefficient of static friction. Among the main results, it was observed that the overall performance of the machine compared to the machines of this category showed the feasibility of the project.
Introduction


The NiTi alloys with shape memory effect are applied in heat engines. As an alternative, it can extract mechanical energy from heat sources with low temperatures as below: warm waters of industrial waste, geothermal, solar thermal energy among other.
attraction for the manufacture of heat machines, because it has the efficiency that comes closest the efficiency of the Carnot machine [1] . This paper shows a mechanical thermal model of a heat machine that uses as motor element, a helical spring made of alloy equiatomic NiTi shape memory may affect reversible. An experimental prototype was built to assess the dynamics of the spring as the equations that describe its motion were also developed.
The paper is organized as follows: Section 2 shows, the heat engine; Section 3 shows the principle of operation of the heat engine; Section 4 shows spring training; Section 5 develops the equations of the behavior of the spring, Sections 5.1 shows the dynamic equations of spring, Sections 5.2 presents equations of motion (passive) axial, Sections 5.3 describes equations of motion (active) axial and Sections 5.4 shows equations of the angular motion; Section 6 presents results and discussions; Section 7 determines the instantaneous and average power; and Section 8 gives conclusions.
The Heat Engine
The heat engine consists basically of a rigid PVC (polyvinyl chloride) cylinder with a diameter of 1.66", a piece of aluminum, pin guide and spring NiTi. This cylinder made a helical groove with a width of 0.24", made in its side surface, a sweeping angle of 180º. A piece of aluminum located in the upper part of the cylinder is fixed to the cylinder by bolts on its side, this piece has the same length as the cylinder, and serves to support the spring during its movement. This piece of aluminum has a circular slot which moves the guide pin of the spring. This guide pin is fixed on one end of the spring NiTi and the other side was fixed to a nylon wire, with 1 mm diameter pulling load. Also as part of the whole machine, there are two reservoirs that the spring dipped. A reservoir has hot water with constant temperature to 373.15 K and the other cold water reservoir has a constant temperature of 273.15 K. Fig. 1 presents the heat engine with its main parts described. 
Principle of Operation of the Heat Engine
The NiTi coil spring positioned as shown in Fig. 1 , it will move due to two factors: the memory effect phenomenon, or "two way" which is one of the properties of martensitic transformations thermoelastic. Water tanks contacts hot and cold water, and efforts made by the spring on the helical groove, due to the movement of the load fixed on the nylon wire and the helical spring NiTi. The movement of the spring is helical with an angle approximately 180º and covered the slot of the cylinder through guide pin between the two reservoirs. The cycle begins when the spring is extended in the martensitic phase under the action of a load; as it operating, the cold water reservoir is with constant temperature at 273.15 K, walks the helical groove by the guide pin. By dipping in hot water reservoir, it reaches to 373.15 K (warm source) above the A f temperature (final temperature of austenitic transformation). And so it is generating a continuous reciprocating motion.
The aluminum piece in the upper part of the cylinder moves with the spring because the guide pin is pivoted with the piece of aluminum. When the spring is in the cold water reservoir, the spring is stretched and the loading fix on the nylon wire descend and when the spring is in the hot water reservoir, the spring contracts and the load attached to the nylon wire, thereby, it perform a reciprocating movement to produce a continuous and mechanical work. In Fig. 2 , a simplified form of the behavior of the spring is shown. 
Obtaining and Spring Training
To get the shape memory effect reversibly in spring NiTi, it was need to be submitted to training. The shape memory effect reversible happens when the change of shape is promoted only by temperature variation. During training or education process, it can associate a shape to each phase as a function of a given thermomechanical treatment [2] . For training we used a spring direct current source to simulate the heating being applied a current of 12 A at a voltage of 4.4 V. By using the cooling spring, the air in the laboratory ambient temperature is around 295.15 K. in order to obtaining the movement of contraction and distension of the spring, we used standardized masses to fix on your end. Table 1 shows the results of varying of the mass and the respective distention of the spring.
Equations of the Behavior of the Spring
To develop equations reflects the behavior of the spring with respect to temperature; we should consider the region of phase transformation and mechanical properties of the spring. The spring movement was described by ordinary differential equations based on Newton's Second Law [3] . We can apply some simplifying assumptions and considerations in the development of equations [4] and in basics of thermodynamics, conservation of energy and heat transfer [5] . It is considered only in heat exchange between the spring and the reservoir water. Considering an energy balance in the control volume, Eq. (1) describes the behavior of the spring when entering the hot water reservoir:
(1) The specific heat c and h convection coefficient tables were obtained from the literature, respectively, 322 j/Kg/K and 1,000 W/m 2 /K [5] . The value of h is not definitive and may improve [6] .
Heating occurs in the spring of the transformation of M (martensite phase) to A (austenite phase). On cooling, the transformation of A (austenite phas e) in spring to the M (martensite phase) occurs. Eq. (2) describes phase transformation as a function of temperature [7] . 
(2)
A s and A f are the initial and final austenitic transformation temperatures respectively, M s and M f are the initial and final martensitic transformation temperatures respectively. ξ is the fraction transformed of martensite (0-1 or 0-100%), ξ m is the larger fraction of martensite during cooling process (or initial value during heating), ξ a is the initial value of the fraction of austenite during heating process (or initial value during cooling).
In Fig. 3 , there is a behavior that occurs in alloys with shape memory effect.
According to Ref. [8] , the equations of the mechanical properties of shape memory alloy are obtained from a model of layers in the phase austenite (high temperature), the spring becomes elastic and thus for ξ = 0, the relationship between stress and strain is given in Eq. 
where, σ A is the voltage at the austenite phase; E A is the elastic modulus (Young's modulus) of austenite and ε is the strain.
In the martensite phase ξ = 1, this phase is plastic and spring behaves describes according to Eq. (4):
where, σ M : maximum tension of the spring in martensite phase; E m : modulus of the elasticity in the martensite phase; and ε my : elastic limit in martensite phase.
The characteristic graph representing this equation is shown in Fig. 4 .
In the intermediate phase (0 < ξ < 1), the relationship between stress and strain is given in Eq.
(5):
Eq. (6) provides the stress of the spring based on Eqs. (3)- (5):
where, A cross : cross-sectional area of the wire (3.8 mm 2 ); Δl: linear variation of the spring (175 mm); and l 0 : initial length of the spring (73 mm).
Dynamic Equations of Spring
The development of differential equations that describe the movement of the spring was considered, because the symmetry of motion, gravitational effects are negligible, since the variation of potential energy is zero over a cycle. The spring move through the slot of the cylinder, through the guide pin, it will develops a resultant reaction force. This resultant force produced by the shape memory effect is decomposed into two components: one axial and one radial. Eq. (7) describes the resultant force.
-
Eq. (7) shows the force resulting from axial active movement, contraction of the spring. And Eq. (8) represents the force resulting from axial passive movement, stretching the spring:
Equations of Motion (Passive) Axial
Fig . 5 shows a schematic drawing of rigid PVC cylinder and groove with the decomposition of the forces and load representation. The equations is considered: The origin of the coordinate x is the time of the start of the slot; The x coordinate coincides with the axis of the cylinder and the force tangent to the groove R M is the generic point. Passive F M is spring force in martensitic phase (expansion). F M is the axial component of R M . And F T is the tangential component of the R M . L is slot length. X is half the slot length. And P is the weight force where m is the mass of the load. By determining the angle of the helix (α), one can obtain a relation between the axial and tangential forces. As shown in Fig. 5 , the inclination angle of the helix is formed by the line of the propeller and horizontal direction.
Eq. (9) described the calculation of the angle of inclination: tan (9) where, C is the circumference of the cylinder, C = 2·π·r. Then we substitute it in Eq. (9) 
And the R M is friction force, i.e., a force opposing the movement of the spring. And we can apply the second law of Newton in the spring to deduce Eq. (11). Eq. (11) is the equation of motion (passive) axial. (11) where, M is the mass of the guide pin coupled with the mass of the spring b ((dx (t)); dt is the force of resistance to axial movement, i.e., it is a viscous friction force, being proportional to the velocity. 
Equation (Active) Axial Movement
Equations of the Angular Movement
It is found when the spring is moving around, the slot cylinder is stretching and contacting the reservoirs, in this way, it approaches a linear behavior. At the same time, the spring runs approximately 180º to perform the reciprocating movement. Fig. 7 shows detail of the angular movement. The tangential efforts system is considered: F T is tangential force; F R is resistant tangential force; r is the radius of the cylinder and θ is the angular coordinate, we can apply Newton's Second Law of the spring to deduce Eq. (13).
Eq. (13) describes the tangential movement of the spring:
Results and Discussion
The analytical solutions of the equations of mechanical and thermal model referred were presented.
The development of the analytical solution of the heat equations are necessary to determine the thermal behavior of the spring, when immersed in the reservoirs is described in Eqs. (14)-(17). 
The left side of Eq. (16) is the derivative of a product, and it can then be rewritten as:
We integrate these equations to deduce that: Fig. 8 represents the behavior of the spring during heating, so it can observed rapid heating immediately, when the spring comes into contact with the hot source.
In less than 5 s spring attains 373 K which is the temperature of the hot source, noting that the spring arrives at the hot water reservoir at a temperature of 273 K. To determine the behavior of the spring when immersed in cold source, analytical development is the same used for the heating of the spring, since only the initial conditions change, it is considered that the spring arrives at the cold source at temperature of 373.15 K. We can apply the boundary conditions for: t = 0 s, T = 373.15 K, so we can find the value of k'. Eq. (20) is determined by the time that the spring attains the temperature of the cold source. Fig. 9 represents the behavior of the spring during cooling.
The equations that describe the axial movement and angular movement of the spring are linear differential equations that we can obtain analytical solutions. It is important to rewrite them in the canonical way, as follows in Eq. (21). 
We can enter the following information in Eqs. (23) and ( 
Determination of the Instantaneous and Average Power
Figs. 13-15 show the graphs of the instantaneous and average power, respectively.
The determined value was 0.5 W for the power. The results presented in the graphs above are satisfactory with the reality of this type of heat engines. Cornick and Palu [10] states that the power of a heat engine with shape memory alloy is a function of the rate of heat transfer between the active element and the temperature of the reservoirs.
Conclusions
The machine model works only for values of the coefficient of friction which satisfy the relation: tan .
The powers dissipated in the axial motion and angular motion of the spring was determined experimentally and 7.33 N and 7 N were found respectively. The complete machine cycle is developed at a time (period) of 25 s. The thermal model was designed despite of the simplifying considerations, though, it is not the models of the phase transformations (coupled), and was reliable for forecasting the behavior of the spring.
The thermal inertia of the machine movement (mechanical inertia) increases during the cycle. Even there are uncoupled mechanical and thermal studies, as is done in most developed mathematical models for simulating movements, the results was proved satisfactorily. The simulation of the movement of the spring make a commercial software educational version and it describes the actual movement of the machine.
